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We discuss spin injection efficiency as a function of Fermi energy in DMS/FM heterostructures by spin injection 
efficiency equation and Landauer formula. The higher electric field, the stronger spin injection efficiency , and its 
velocity of increase gets lower and approaches to the equilibrium state. Additionally, the higher is interface conductivity, 
the weaker is spin injection efficiency, and the transmission as a function of Fermi energy for spin up and spin down is 
different from each other. This result causes the effect of the exchange interaction term in DMS. Finally, according to the 
investigation of spin injection efficiency as a function of the magnetic field in the same structure, the spin injection 
efficiency vibrates sensitively with the magnetic field. This result allows us to expect the possibility of spintronic devices 
with high sensitivity to magnetic field.           
 
1. Introduction 
 
Recently, the study on the effect of magnetic field in the critical current in the heterostructure involved DMS (Dilut
e Magnetic Semiconductor) has been in progress widely. 
[1]
 However, the range of change in the critical current as a func
tion of the magnetic field is limited, so that it is important to find new physical quality changeable sensitively with the m
agnetic field. Besides, after the results that can be controlled the spin had suggested 
[1,2]
, the study on it, where the focus i
s to form the spin polarization state and transport the polarized spin state, has investigated actively. However, the task for
 transporting the spin polarization state experimentally has still studied. Therefore, the theoretical research for transporti
ng the spin polarization has been in progress widely. 
[2－8]  Such semiconductor spintronic device is focused on their atte
ntion, because it has long relaxation time and spin transport length
 [4,5]
. In order to design and make effective spintronic d
evice, the effective heterostructure having excellent spin injection must be chosen.   
DMS is the semiconductor alloy with substituted the magnetic atoms and some its transport properties such as the 
tunneling magnetoresistence and spin polarization in the system are tuned by the external magnetic field. 
We analyze the spin injection efficiency as a function of Fermi energy in DMS/FM heterostructure and consider it 
as a function of the magnetic field by spin injection efficiency equation in FM (Ferromagnet)/SC (Semiconductor) 
structure and Landauer formula . 
 
 
2. Theoretical Background 
 
Generally, if we assume that there is no space charge and the material is homogeneous, the current for the up (down
)-spin can be as  
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where 
)(
D is the up(down)-spin electron diffusion constant , 
)(
 is up(down)-spin conductivity and 
0
)(
 ,
)(
v are 
the conductivity in the absence of spin polarization, the mobility, respectively. 
Also, the continuity equations for up (down) spin electrons can be as  
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For a homogeneous without space charge 
)(
n satisfy the condition 0  nn , so that we can obtain the following 
equation. 
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And the relationship between electrochemical potential and nonequilibrium carrier density in a highly degenerate 
system is  
))((
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 eeNn F                          .  (4) 
If we take into account Eq. (3), (4), the drift diffusion equation can be as                                       
         




























































2
2 1
L
                    .  (5) 
Then, to consider DMS/FM heterostructure, the investigation of spin injection efficiency in FM/SC structure is 
needed.  
If we assume that there are FM in the range of 0x  and semiconductor in the range of 0x , the solution of 
Eq.(4) in ferromagnet is 
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Also, the up (down)-spin charge densities in semiconductor must be satisfied the local charge neutrality condition 
and Eq. (4), so that the carrier density 
)(
n can be as  
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Therefore, from Eq. (7) the electrochemical potential is                                                    
         BeEx
n
LxA
Tk dB 



]
)/exp(2
)(1ln[
0
)(
          .   (8) 
According to the condition that the current for all spin direction is continuous across the interface and such current 
is related to the change of spin dependent electrochemical potential, the following boundary conditions take place. 
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If spin injection in semiconductor is considered as d
Lx
ex
/
0)(
 , we obtain the following equation by Eq. (9). 
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By Eq. (10) we find that the higher the electric field, the stronger the spin injection efficiency,  and its velocity of 
increase gets lower and approaches to the equilibrium state. Additionally, we find that the higher the interface 
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conductivity, the weaker the spin injection efficiency. This result shows that the spin injection efficiency is changed by 
an external field and the increase of the external field brings the saturated value of it. Also, 
( )
G
 
 is the interface 
conductivity and it is related with Hamilitonian of DMS by Landauer formula. 
Therefore, if the interface conductivity is calculated in the heterostructures involved DMS correctly, we can investig
ate the spin injection efficiency in FM/DMS heterostructures. 
 
3. Spin injection efficiency as a function of Magnetic field in FM/DMS Structure 
 
Now, we would like to calculate the interface conductivity and discuss the spin injection in FM/DMS structure.  
If the external magnetic and electric fields act along z-axis, the effective Hamiltonian is  
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Meanwhile, the exchange interaction term reflects s-d interaction between the electron and ion and it can be as 
zzdsex SJV                              .   (12) 
where effds xNJ 0 , )](/[ 00 TTkBSgBSS BBJz    and  )(xBJ is Brillouin function and 0N  is the number 
of positive ions per unit volume. 
According to Bloch theorem, the electronic states are expressed through the discrete inverse lattice vectors
),( yyxx mKknKk  . 
 
mn
yyxxnm
yx
ymKkixnKkizC
LL ,
])()(exp[)(
1
)(r          (13) 
Inserting Eq.(13) into Eq.(15),the result is  
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Eq.(14) is solved by the difference expression using Numerov method and the interface conductivity is calculated 
by Landauer formula . Then, inserting this interface conductivity into Eq.(10),the spin injection efficiency can be 
investigated quantitatively.  
When the parameters used are 5.0fp , ,nm60
)( fL  m2)( sL , 1)cm(1000100  sf  , 
*m  
0096.0 m , 045.0effx , eV22.00 N , eV88.00 N , 32.10 S , K1.30 T , 7.0
* eg
[9]
 , the relative transmis
sion as a function of Fermi energy for spin up and down is drawn in Fig.1.  
As Fig.1 shows, the transmission for spin up and down is different from each other, which can be attributed to the 
effect of exchange interaction term.
[1]
 
Then, the calculated result of spin injection efficiency as a function of magnetic field is shown in Fig 2. Fig.2 shows 
 4 
that the spin injection efficiency vibrates rapidly with the magnetic field. This result is due to the effect of Landau levels 
and it enables us to expect the possibility of making the measuring instrument with keen sensitivity by using the spin 
injection efficiency in the same heterostructure. 
 
Conclusions 
 
Firstly, we have analyzed the change of spin injection as a function of Fermi energy in FM/DMS heterostructure 
and find the fact that the reason of difference of transmission between spin up and down is the effect of exchange 
interaction term in DMS. 
Also, we have calculated the spin injection efficiency as a function of magnetic field and discovered the possibility 
of spintronic devices with high sensitivity to the magnetic field.  
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Fig.1. Transmission as a function of Fermi energy 
 
Fig. 2, Spin injection efficiency as a function of magnetic field. 
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